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EQUIPMENT LABORATORIES 

Molybdenum-base TZC and TZM a l l o y s  and tantalum-base T-111 and A s t a r  
811C a r e  b e i n g  creep t e s t e d  i n  a vacuum environment o f  
temperatures range from 1600 t o  260OoF (871 t o  1427OC) and s t resses  f rom 0.5 
t o  65 Ksi  (3.44 x 106 t o  4.48 x 108N/m2). 
p r o v i d e  0.5-1.0% creep i n  5,000 t o  15,000 hours.  

1 x l o - *  T o r r .  Test  

Tes t  parameters were s e l e c t e d  t o  

Tes t  r e s u l t s  w i t h  molybdenum-base TZC and TZM show t h e  e f f e c t s  o f  var -  
i a t i o n s  i n  chemis t ry  and method o f  process ing.  

Tes ts  w i t h  tanta lumrbase T-111 revea l  t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  
creep s t r e n g t h  can occur  between heats  o f  m a t e r i a l s .  Data a r e  presented t o  sug- 
ges t  t h a t  low creep s t r e n g t h  o f  T-111 a l l o y  may be t h e  r e s u l t  o f  f i n e  g r a i n  
s i z e .  

Comparison o f  tantalum-base A s t a r  8 1 1 C  w i t h  T-111 shows t h e  s u p e r i o r  
creep p r o p e r t i e s  o f  t h e  A s t a r  8 1 1 C  a l l o y .  
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I I NTRODUCT I ON 

Space e l e c t r i c  power systems depend upon t h e  use o f  r e f r a c t o r y  meta ls  i n  
a v a r i e t y  o f  component areas. A c r i t i c a l  p r o p e r t y  i n  t h e  des ign o f  b o t h  Rankine 
and Brayton systems i s  t h e  long- t ime creep s t r e n g t h  a t  e l e v a t e d  temperatures.  
Whi le  t u r b i n e ,  capsule,  and c l a d  components o f  space power systems a r e  n o t  nec- 
e s s a r i l y  exposed t o  t h e  vacuum o f  space, they  do opera te  i n  environments o f  he l ium,  
metal vapor, o r  l i q u i d  meta ls  where t h e  p a r t i a l  p ressure  o f  r e a c t i v e  gases i s  ex- 
t remely  low. Consequently, t o  o b t a i n  meaningful  creep data i t  i s  necessary t o  
per fo rm t e s t s  i n  a vacuum environment o f  ( 1  x 10-8 t o r r  which s u b s t a n t i a l l y  
e l i m i n a t e s  i n t e r s t i t i a l  con taminat ion  o v e r  l o n g  p e r i o d s  o f  t ime.  

The work o f  t h i s  program i s  a c o n t i n u a t i o n  o f  a p r e v i o u s l y  e s t a b l i s h e d  
c o n t r a c t ,  (NAS 3-2545) .  The common o b j e c t i v e  o f  bo th  programs i s  t h e  genera t ion  
o f  n o m i n a l l y  10,000 hour  creep da ta  on s e l e c t e d  r e f r a c t o r y  a l l o y s  which have 
p o t e n t i a l  f o r  use i n  advanced space e l e c t r i c  power systems. The m a t e r i a l s  ex- 
amined a r e  i n  t h e  form o f  r o l l e d  sheet and fo rged o r  r o l l e d  p l a t e ,  w i t h  the 
sheet b e i n g  r e p r e s e n t a t i v e  o f  m a t e r i a l  f o r  t u b i n g  and capsule a p p l i c a t i o n s  and 
t h e  p l a t e  f o r  t u r b i n e  components. 
and Ta-1OW and molybdenum-base t u r b i n e  a l l o y s  TZC and TZM a r e  t h e  m a t e r i a l s  o f  
c u r r e n t  i n t e r e s  t . 

Tantalum-base sheet a l l o y s  T-J11, A s t a r  8 1 1 C  

The use o f  encapsulated r a d i o a c t i v e  iso topes  as a space-power heat  source 
has generated a need fo r  creep da ta  under c o n d i t i o n s  o f  i n c r e a s i n g  s t r e s s  and 
decreas ing temperature.  Therefore,  some o f  t h e  creep t e s t s  i n  t h i s  progrgm a r e  
b e i n g  made w i t h  v a r y i n g  loads and/or v a r y i n g  temperatures.  I t  i s  recognized t h a t  
s t resses  i n  these capsules a r e  b i a x i a l ,  b u t  more da ta  i s  needed on t h e  e f f e c t  o f  
v a r y i n g  s t r e s s  and temperature than can be ob ta ined w i t h  e x i s t i n g  b i a x i a l  creep 
t e s t  apparatus.  

2 
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I I  MATERIALS AND PROCEDURE 

The composition of the various alloys discussed in this report are presented 
The material form, the range of test temperatures, and the heat treat- in Table 1, 

ments are given in Table 2. 
of the alloys currently under evaluation i s  presented in  Appendix 1 .  

A detailed review of the available processing histories 

The geometries of the test specimens are shown in  Figures 1 and 2. The 
particular orientation of the specimens with respect to the working direction i s  
given below: 

Material Form Specimen Axis Parallel To 

Disc forging Radius 
Plate Extruding direction 
Sheet Rolling direction (except where indicated) 

The TZM alloy was obtained from two different sourcesI One lot of material, 
designated as Heat 7502, was purchased from Climax Molybdenum of Michigan in  the 
form of 11  inch diameter disc forgings. The second lot of material (Heat KDTZM-1175 
Disc #3) was a section of a disc forging obtained from AiResearch. The latter material 
was processed by Universal Cyclops to produce improved creep resistance(')* through 
the development of a fine carbide dispersion. A carbon level above 0.02% is  neces- 
sary in order to produce this effect. 

To date two different heats of TZC have been tested. Heat M-91 was 
produced by the General Electric Co. by rolling a 2'' x 4" sheet bar at 2372OF 
(13OO0C) with relatively large reductions on each pass. 
prepared by Climax Molybdenum of Michigan by broad forging 3 inch diameter 
extruded stock at 2400°F (1316OC). 

TZC Heat 4345 was 

Six heats of T-111 alloy were obtained from two different sources. 
Four heats were produced by Wah Chang Corporation (Heats70616, 65079, 
65080, and MCN 02A065), and two were obtained from Fansteel Corporation 
(Heats D-1670 and D-1102). All heats are being evaluated after recrystalliza- 
tion at 300OOF (1649OC) for one hour. 

The specimen of Astar 811C, a relatively new tantalum-base alloy 
developed under Contract NAS 3-2542, was obtained from the Westinghouse 
Electric Corporation through NASA Lewis. This alloy was supplied in  the form 
of 0.030" thick sheet in the as-rolled condition. 

- - - - - - - -  - - - - - -  - 
* Numbers in parentheses refer to references in the Bibliography 

3 
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The creep test procedure involves obtaining a vacuum of 5 x torr 
or better at room temperature, then heating the specimen at such a rate that the 
pressure never rises above 1 x 10-6 torr. The pre-test heat treatments are per- 
formed in situ, prior to load application. After heat treatment the specimens are 
cooled to 6OOOF (316°C) or lower and then reheated to the test temperature which 
i s  maintained for two hours prior to loading in  order to insure thermal and structural 
equilibrium in  the test specimen. During testing, the pressure i s  always less than 
1 x 10-8 torr and decreases with test time. 

Specimen extension i s  determined over a two inch gage length by using 
an optical extensometer to measure the distance between two scribed reference 
marks with an accuracy of 50 microinches. The program plan involves testing 
plate and forged alloysat temperatures between 1600 and 225OOF (871 and 
1235OC) until 1% total extension i s  achieved. The tantalum-base materials 
are being evaluated at 1800 to 260OOF (982 to 1427OC) to elongations of ap- 
proximately 1 to 5%. In most cases the applied stress levels were selected with 
the goal of obtaining creep data over total test times between 5000 and 15,000 
hours. 

8 
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Ill RESULTS AND DISCUSSION 

Results of the creep tests completed,in progress, or initiated during the 
first four and one-half months of the program are graphically displayed with percent 
elongation plotted as a function of test time. 
curve indicate the chamber pressure at various intervals during the test. 

Reference marks placed! on each 

Molybdenum-Base TZC and TZM 

Three tests were conducted on Heat M-91 molybdenum-base TZC alloy. 
Results of these tests plotted in  Figure 3, show a decreasing creep rate with 
time, indicative of a time dependent strengthening process. Post-test tensile 
data obtained from the gage section of specimen 8-20 (Table 3), which had 
been creep tested for 12,800 hours at 2200°F (1093OC) and 20 Ksi (1.38 x , 
lo8 N/m2), show a significant increase in yield strength as a result of the 1% 
creep strain. This observed strengthening i s  consistent with the decrease in creep 
rate which occurred during testing. 

Table 3 

Tensile Data for TZC Heat M-91 Recrystallized 3092OF 
(1700°C) One Hour 

Ultimate 0.2% Offset 
Strength Yield Strength Elongation Reduction Area 

Ksi Ksi % % 

Before 85.0 49,O 
Test 

7 .O 7.0 

After 88.2 57 .O 9.4 7.8 
Test 

Two creep tests of molybdenum-base TZC Heat 4345 were conducted at 
2000°F (1093°C) and 22 Ksi (4.52 x 108 N/m2). The singular difference between 
these two tests was in the stress relief temperatures of 2400 and 2500°F (1316 and 
1371°C). 
ments provide no significant difference in  creep behavior. 

The results shown in Figure 4 indicate that the two stress relief treat- 

The 0.5% creep l i fe for current and previous tests on the two heats of 
TZC are given in Table 4. 
constant of 14.3 determined by computer f i t  of the data. These data, plotted 
in Figure 5, show that Heat M-91 recrystallized at 3092"For stress relieved at 
2500°F had creep properties which were slightly below those obtained with the 
other variables examined. 

Also given are Larson-Miller parameters based on a 

9 
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Table 4 

0.5% Creep Test Data for Molybdenum-Base TZC 
Heats M-91 and 4345 

Test Larson-Mil ler 
Tem pe ra t u re 
OF OC Ksi N/m2 x lo8 0.5% Creep T0R(14.3+logt)x10~' 

Stress Hours for Pa ra me te r Spec i men 
No. --- 

Heat M-91, Recrystallized 3092°F (17OO0C), 1 Hour 

B-20 2000 1093 20 1.38 3650 43.9 

Heat M-91, Stress-Relieved 230OOF (126OoC), 1 Hour 

B-19 1800 982 44 3.03 1075 39.2 
8-28 2000 1093 28 1.93 1100 4?.6 

Heat M-91, Stress-Relieved 25OOOF (137loC), 1 Hour 

B-30 2200 1204 22 1.52 70 
B-32 1935 1057 20 1.38 14,400" 
8-33 1900 1038 22 1.52 7720 

Heat 4345, Stress-Re1 ieved 2500OF (1 37 1 "C), 1 Hour 

B-36 2000 1093 22 1.52 5940 

Heat 4345, Stress-Relieved 2400°F (1316OC), 1 Hour 

8-37 2000 1093 22 1.52 6500* 

42.9 
44.2 
42.9 

4.4.5 

43.6 

* Extrapolated Values 

12 
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Three tests of molybdenum-base TZM were made using specimens prepared 
from forged disc Heats 7502 and KDTZM-1175. The creep data for these three 
tests given in  Figure 6 clearly show the superior creep strength of Heat KDTZM-1175 
at 180OOF (982°C) and 44 Ksi (3.03 x 108 N/m2). The new test B-38 with Heat 
KDTZM-1175 has not progressed far enough to extrapolate the curve to longer times. 
The post-test room temperature tensile strength of the gage section of specimen B-25, 
Table 5, i s  not significantly different from the strength of the original material This 
i s  consistant with the creep results, which showed no tendency for a decreasing creep 
rate due to strengthening during the test. 

The TZM 0,5% creep l i feand Larson-Miller parameters (based on a 
constant of 14.3) are presented in Table 6. 
to allow a comparison of creep data for BZM and TZC. 
Figure 7, shows that TZM Heat KDTZM-1175, stress relieved at 2300°F (1260°C) 
for one hour has the best creep resistance, surpassing that of TZC Heat M-91 TZM 
Heat 7502, stress re1 ieved at 2200°F (1204OC) one hour exhibits intermediate properties, 
being more creep resistant than TZC only at higher stresses. Kovacevich(2) reported 
that at a stress of 41.5 Ksi (2,861 x 108 N/m2) and a temperature s f  1900°F (1038°C) 
a specimen from a TZM disc forging stress relieved at 2300°F (1260°C) for one hour 
produced 0.5% creep in 1000 ~ Q I J ~ S ~  Comparison of these datu with Figure 7 shows 
that the creep strength of the TZM used by Kovacevich is similiar to that of TZM 
Heat 7502. It must be noted however, that the tests of Kovacevich were made at a 
pressure of 1 x loB4 - 1 x 10-5 torr as compared to 
current studies. 
effect of the higher environmental pressure upon creep l i feo 

This prticuSar constant was chosen 
“be prametric comparison, 

1 x 90-8 torr used in the 
Unfortunately the available data are insufficient to establish the 

Following 10,152 houn of test, the surface of specimen B-25 (TZM 
Heat KDTZM-1175) which had thermally etched dwring testing, was examined at 
15, OOOX, The surface, shown in Figure 8, reveals f ine  striations suggesting that 
creep proceeds by slip of the bulk muterial 
surface are characteristic of a l l  areas examined. 

The fine pits appearring on the 

Tantalum-Base T-111 

Various heats of tantalum-base %-I 1 1  are being creep tested fdlowing a 
300OOF (1649°C) one hour anneal in situ. 
during the reporting period are tabulated below, can$ the elongation versus time 
data are plotted in  Figures 9 thru 14. 

The tests completed or in progress 

14 
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Table 5 

Tensile Data for TZM Heat KDTZM-1175 
Stress Relieved 230OOF (126OOC). 1 Hour 

Ultimate 0.2% Offset 
Strength Yield Strength Elongat ion Reduct ion Area 

Ksi Ksi % % 

Before 1 20 1 1 1  
Test 

After 121.5 109.6 
Test 

17.4 29.1 

14.7 29,6 

16 
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FIGURE 8. SLIP LINES IN THERMALLY ETCHED SURFACE OF 
SPECIMEN B-25 AFTER 10, 152 HOURS OF TEST. 
MAGNIFICATION 15,OOOX. TZM KDTZM-1175. 

J 19 
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Specimen 
No. 

S-26 

S-28 

S-31 

5-32 

s-33 

5-34 

s-35 

S-36 

s-37 

S-38 

s-39 

S-40 

Table 7 

T-11 1 Creep Tests 

Heat Tem pera t u re Stress 
O F  *C - Ksi (N/m2) x lo7 -- No. 

D-1670 1800 982 17 11.7 

D-1670 2600 1427 0.5 0.344 

65079 2200 1204 5 3.44 

D-1102 2200 1204 5 3.44 

MCND2A065 2200 1204 8 5.51 

MCND2A065 2000 1093 11 7.58 

65079 2200 1204 5 3.44 

65080 2200 1204 16 psihour Loading Rate 

65080 2200 1204 8 5.51 

65080 2200 1204 1 psi/hour Loading Rate 

65080 1800 982 13 8.95 

D-1102 1800 982 17 11.7 

It has generally been observed that the creep curves for T-111 annealed at 
3000OF (1649OC) for one hour are linear or slightly concave upward. 
tested at 26OOOF (Figure 9) i s  an exception, since a decreasing creep rate i s  observed. 

Specimen 5-28 

Tests S-31 and S-35 (Figure 12).compare the effect of orientation on the creep 
properties of Heat 65079 by using specimens whose axes are respective perpendicular to 
and parallel to the rolling direction. 
of Heat 65079 (Table 8') show essentially no directional dependence, the slight difference 
in  creep strength probably represents a statistical variation of test results. 

In view of the fact that the tensile properties 

26 
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Table 8 

Tensile Properties T-1 1 1, Heat 65079 
Recrystallized 300OOF (1649OC), 1 Hour 

Test Temperature 
OF 

R.T. 

1800 

2200 

2600 

Strength, Ksi 
Yield - Ultimate 

94 
(93) * 

74 
(76) 

49 
(51) 

29 
(29) 

74 
(72) 

34 
(34) 

32 
(32) 

El ongat ion 
96 

35 
(3'4) $* 

23 
(24) 

30 
(27) 

50 
(50) 

*( ) - Indicates specimen axis perpendicular to rolling direction. 
Otherwise specimen axis parallel to rolling direction. 

27 
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Tests S-37 (Figure 13) and S-33 (Figure 11)  were conducted at identical 
temperature and stress, but with different heats of T-111 alloy. 
was taken from Heat 65080 and specimen S-33 from Heat MCN02A065. Com- 
parison of the creep l i fe shows that the specimen from Heat 65080 reached 1% 
strain in 260 hours while the Heat MCN02A065 specimen required 2850 hours to 
reach this same extnesion. A comparison of the two heats (Table 9) shows no 
significant difference which could explain the lower strength of Heat 65080. 
Comparison of the tensile properties of the two heats (Tables 8 and l0)again re- 
veal no differences of a magnitude which could account for the observed difference 
in creep strength e Comparison of the processing methods (Appendix 1 I Tables V and 
VII) shows that both heats were produced by the same vendor, with the only differences 
being the recrystallization temperature used and the thickness before final reduction. 
To date the factors of processing temperature and size before final reduction have 
not been related to the difference in strength; however, the effect of recrystallization 
temperature prior to annealing the specimen at 3000°F (1649°C) in situ i s  now being 
subiected to further examination. 
strength of T-111 alloy, the grain s i z e s  of various heats of 8-911 were mmsuredt and 
compared to the 1 .O% creep l i fe in Figure 15. The results show an apparent ' i n f l uence  
of grain size upon creep strength. These data indicate that the low creep strength of Heat 
65080 *might 
annealing one hour at 3000°F (1649OC). 
phenomenon responsible for the variation in grain size remain unknown. 

Specimen 5-37 

Since grain size i s  known to influence sf creep 

in part be attributed to a smaller grain size being present after 
The underlying nucleation and growth 

The 1 .O% creep l i fe data for various heats of 8-111 are given in Table 11 
together with Larson-Miller and Manson Haford prameters. 
parametric constants are based on the data of Heat 70616 and were obtained from 
exact or numerical computer solutions of the parametric equations. 
plotted in Figures 16 and 17 show a distinction between the various heats of T-111, 
with Heats 70616 and MCN02A065 being the most creep resiisfanf and Heat 65080 
exhibiting the poorest properties. 

In both cases the 

These data 

TWO tests were made with T-111 Heat 65080 employing a load which was 
increased uniform1 with time. Test S-36 was run at a steady stress of 1.8 Ksi 
(1.24 x lo7 N/m4 for the f i r s t  113 hours, after which the stress was uniformly 
increased at the rate of 16 psi/hsur (1 .IO x 105 N/m*/hour). 
loaded at a lower rate of 1 psi/hour (6.89 x 103 N/m2/hour) beginning at zero 
stresso The pronounced upward curvature of the creep curves from these tests is a 
result of the constantly increasing stress, 

Test S-38 was 

The purpose of the tests involving increasing stress i s  to determine whether 
data obtained at a constant stress can be incrementally summed to predict asying 
stress behavior. to The computer program developed by Nichols and Winkler 
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Table 9 

Chemistry of T-1 1 1 Heats 65080 and 65079 
(Weight Percent) 

Element Spec i f i cat ion Heat MCN02A065 

- 
4 0.0050 
~0.1000 
(0.0050 - - 
4 0.0050 
(0.0010 

(0.0200 
1.8-2.4 

<O .0075 
(0.0050 
(0.0 1 50 

Balance 

- 
- 

<0.0020 
7.0-9.0 

(0.0010 
0.0040 
0.065 

<O .0005 

$:E 
0.0020 
0.0003 
1.95 

(TO.OOl0 
0.0020 
(0 .oo 10 
0 .o 100 

(0.0020 
Balance 

(0.0020 
(0 .oo 10 

8.60 

Heat 65080 

(0.00 10 
0.0030 if;; 

(0.0020 
0.0030 
0.0003 
1.91 
0.0020 
0.0030 

0.0090 

Balance 

40 .oo 10 

(0.0040 

<0.0020 
c0.0020 

8.88 

;! Determined S p e c t r o g r a p h i c a l l y  
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Table 10 

Tensile Properties T-1 1 1, Heat 65080 
Recrystallized 1 Hour 300OOF (1649°C) 

Test Temperature 
OF 

R,T. 

2000 

2400 

2600 

Strength, Ksi 
(0.2% Offset) 

Ultimate Yield 

95.9 90 .O 
(95.0) * (85.3) 

62.2 35.5 
(67.0) (38 7) 

32.8 28.2 

28.5 27.4 

El ongat ion 
% 

31.8 
(32.0) 

23.0 
(13.2) 

40.2 

63.8 

* ( ) - Denotes specimen axis perpendicular to rolling direction, 
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Table II 

1% Fbrametric Creep Data for T-I 11 Tantalum-Base Alloy 
Recrystallized 1 Hour 3 0 O O O F  (1649OC) 

Larson-Mil ler Manson-Haferd 
Specimen Temperature 

O F  OC - -  No. 

Heat 70616 
S-19 
s-21 
S-23 
5-22 
5-24 

Heat D- 1670 
5-25 
S-26 
S-25A 
S-28 

Heat D-1102 

S-27 
5-32 
S-40 

Heat 65079 
S-30** 
S-31** 
5-35 
S-42 

2200 
2200 
2120 
2000 
1 860 

2000 
1800 
2600 
2600 

2000 
2200 
1800 

2400 
2200 
2200 
2300 

~~ 

1204 
1204 
1160 
1093 
1016 

1093 
982 

1427 
1427 

1093 
1204 
982 

1316 
1 204 
1204 
1260 

Heat MCN02A065 
s-33 2200 1204 
s-34 2000 1093 

Heat 65080 
5-37 2200 1204 
5-39 1800 982 

Stress Hours for ToR(l 1.lt.logt) logt-17.Sx 103 
Ksi N/m2 x lo8 1.0% Creep 10-3 T%417 

8 
12 
12 
20 
20 

15 
17 
1.5 
0.5 

13 
5 

17 

3.5 
5 
5 
3.5 

8 
11 

8 
13 

0.551 
0.826 
0.826 
1.380 
1.380 

1.030 
1.170 
0.103 
0.0344 

0.895 
0.344 
1.170 

0.241 
0.344 
0.344 
0.241 

0.551 
0.758 

0.551 
0.895 

* Extrapolated Data ** 
Specimen Axis Perpendicular to Rolling Direction 

2oOO 
1140 
31 50 
670 

4730 

1340 
9540 
1100 

40,000 

1880 
4050 

18,000" 

860 
6400" 
6000 * 
7000 * 

2850 
11,300 

260 
13,700" 

38.3  
37 .6  
37 .7  
34 .2  
3 4 . 3  

35 .0  
34.1 
4 3 . 3  
48 .0  

3 5 . 4  
39.1 
34 .7  

4Q. 1 
39.6  
351.6 
4 t . 2  

38 .7  
3%. 3 

3 5 . 9  
34.4 

-5.42 
-5.52 
-5.52 
-6.07 
-6.07 

-5.95 
-6.10 
-4.79 
1-4.28 

-5.88 
-5.31 
-5.97 

-5.17 
-5.23 
-5.24 
-5.02 

-5.37 
-5 56 

-5.76 
-6.03 
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2600 I I 

u. 
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34 38 42 46 50 

0 HEAT70616 

A HEAT 65079 
A HEAT D1102 
H HEAT65080 
0 HEAT MCN02A065 

0 HEAT 0-1670 

LARSOid-MILLER PARAMETER TOR ( 1 1 . 1  + log t )  x 

FIGURE 16. LARSON-MILLER PLOT OF CREEP DATA FOR TANTALUM-BASE T-111 ALLOY 
ANNEALED 3000°F (1649OC) ONE HOUR AND TESTED I N  VACUUM ENVIRONMENT 
< 1 X 10-8 TORR 
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perform the summation i s  currently being adapted to the TRW computer facilities. 
McCoy(4) has also developed a procedure for calculating varying stress creep life 
and using this method a 1% creep l i fe of 4570 hours has been predicted for test 
S-38 shown in Figure 14. 

Tantalum-Base Astar 81 1C 

A single test of Astar 81 1C recrystallized at 3600OF (1982OC) for 0.5 hour 
i s  being made at 260OOF (1427OC) and 2 Ksi (1.38 x 107 N/m2) (Figure 18). At 
the current rate of creep, 1% extension should be obtained in  approximately 24,000 
hours. This predicted creep l i fe i s  considerably greater than the 400 hours for 1% 
creep calculated for T-111 alloy i f  tested at a similar temperature and stress. 
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IV SUMMARY 

Tests of molybdenum-base TZC have shown that extruded and broad 
forged material has a creep strength equivalent to that of cross-rolled plate. 

Tests of molybdenum-base TZM show that the creep life i s  significantly 
influenced by the carbon content and method of processing. 
Heat KDTZM-1175, the creep strength at high stress i s  superior to that of 
molybdenum-base TZC alloy. 

In the case of 

Tantalum-base T-111 alloy has been found to exhibit considerable 
variation in creep strength despite similarities in  chemistry cn  d tensile pro- 
perties. The cause of this variation k i s  not been determined. 

Tantalum-base Astar 811C i s  much more creep resistant than the T-111 
tested to date. 
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Appendix I 

PROCESSING HISTORY OF MATERIALS 
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TABLE I 

PROCESSING HISTORY OF TZC PLATE 

Vendor: 

General Electric Company 
Refractory Metals Plant 
Cleveland, Ohio 
Heat M-9 1 

Process i n g H is t  ory : 

1) 
2) Machine to 5" diameter. 
3) 
4) 

Vacuum arc melt ingot 5.88" diameter. 

Extrude 2.30:l at 3092OF (17OO0C) to 4-1/8" x 2.22" plate. 
Cross-roll on large m i l l  (28" diameter) to produce relatively 
large degree of deformation per pass and a finishing tem- 
perature as low as 2372OF (13OOOC). 
Grit blast and cut to final length with abrasive saw. 5) 

Hardness: 

335 DPH (34 Rc) 
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TABLE I I  

PROCESSING HISTORY OF TZC PLATE 

Vendor: 

CI imax Molybdenum Company of Michigan 
Coidwater, Michigan 
Heat 4345 

Processing History : 

Hardness: 

Machine vacuum arc melted ingot to 5.85" diameter. 
Extrude to 3" diameter. 
Heat treat in vacuum 300OOF (1649OC). 
Machine to 2.4-2.8" diameter. 
Upset forge 40% at 240OOF (1316 OC). 
Broad forge to 0.825" at 240OOF (1316'C). 
Heat treat in vacuum 240OOF (1316OC), 1 hour. 
Machine to 0.70". 

319-373 DPH (28-36 Rc) 
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TABLE ill 

PROCESSING HISTORY OF TZM FORGED DISC 

Vendor: 

Climax Molybdenum Company of Michigan 
Coldwater, Michigan 
Heat 7502 

Processing History: 

1) 
2) Machine to 10-3/4" diameter. 
3) Extrude to 6-1/4" diameter. 
4) 
5) 
6) 

Vacuum arc melt ingot *11-1/2" diameter. 

Heat treat at 270OOF (1482OC). 
Upset forge at 220OOF (1204OC). 
Stress re1 ieve at 220OOF (1204 "C). 

Hardness: 

266-342 DPH (25-35 Rc) 
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1 

TABLE IV 

PROCESSING HISTORY 0.F TZM FORGED DISC 

Vendor: 

A i  Research (Un iversa I Cyclops) 
Disc. No. 3 
Heat KDTZM-1175 

Processing History: 

1) 
2) 
3) 
4) 
5) 
6) Forge to flat disc 3/4" thick, 2800°F (1538°C) starting 

7) 

113./4" diameter ingot, machine to 10-3/4" diameter. 
Extrude to 6-1/2" diameter at 2250°F (1232 "C). 
Recrystallize at 2800°F (1538°C) for 4 hours. 
Forge to 4" diameter billet 3400°F to 2800°F (1871 to 1538°C). 
Recrystallize at 2950°F (1621 "C) for 2 hours. 

temperature 11 blows, finish temperature 2160°F (1 182°C). 
Stress relieve at 2300°F (1260°C) for 1 hour. 

Hardness : 

297-335 DPH (29-34 Rc) 
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TABLE V 

PROCESSING HISTORY OF T-11 I SHEET 

Vendor: 

Wah Chang Corporation 
AI bany, Oregon 
Heat 65076 (MC N02A065) 

Process i ng His tory : 

1)  Forge 6-1/2" diameter arc-melted ingot to 1 - 1/2" sheet 
bar at 220OoF (1204OC). 

2) Vacuum anneal 300OOF (1649OC). 
3 )  Warm roll 8OOOF (427OC) to 1/4" thick. 
4) Vacuum anneal 300OOF (1649OC). 
5) Cold roll to final thickness. 
6) Vacuum anneal (1 x 10-4 torr) 300OOF (1649OC), 1 hour. 

Hardness: 

262 DPH (25 Rc) 
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TABLE VI 

PROCESSING HISTORY OF T-111 SHEET 

Vendor: 

Wah Chang Corporation 
AI bany, Oregon 
Heat 65079 

Pro cess i na Hi stow : 

1)  Forge 6-1/2" diameter arc-melted ingot to 1-1/2" sheet 
bar at 220OOF (1204OC). 

2) Vacuum anneal 280OOF (1358OC). 
3) Warm roll 8OOOF (427OC) to 1/4" thick. 
4) Vacuum anneal 280OOF (1538OC). 
5) Cold roll to final thickness. 
6) Vacuum anneal (1 x 10-4 torr)2800°F (1538OC), 1 hour. 

Hardness: 

236 DPH (20 Rc) 
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TABLE VI1 

PROCESSING HISTORY OF T-111 SHEET 

Vendor: 

Wah Chang Corporation 
AI bany, Oregon 
Heat 65080 

Process i na H istow : 

1)  

2) Vacuum anneal 280OoF (1538OC). 
3) 
4) 
5) 
6) 

Forge 6-1/2" diameter arc-melted ingot to 1-1/2" sheet bar 
at 220OOF (1 204OC). 

Warm roll 8OOOF (427OC) to .260 or 0.060" thick. 
Vacuum anneal 280OOF (1538OC), 2 hours. 
Cold roll to final thickness. 
Vacuum anneal ( 1 x 10-4 torr) 280OOF (1538OC), 2 hours. 

Hardness: 

248 DPH (22 Rc) 
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